Abstract-The movement of the earth leads to constant change in the intensity and the angle of solar radiation. As a consequence, the cells of photovoltaic (PV) modules are only able to convert a fraction of the light energy from the sun into electric energy. A tracking system constantly adapts the angle of the PV modules to face the sun, so that the radiation angle and the light intensity remain constant and a maximum electrical energy is generated. This not only helps to exploit every minute of sunshine but also to make the best use of the diffuse light all year round. The aim of this research is to design a robust tracking control system that will point the PV modules to the brightest point in the sky. This objective is achieved by the design of a specialized robust controller and application of the D-partitioning analysis method.
I. INTRODUCTION
A solar tracker tilts a solar PV panel throughout the day. Depending on the type of the tracking system, the PV panel is either aimed directly at the sun or at the brightest area of a partly clouded sky. Early morning and late afternoon performance is improved by the use of trackers. The total amount of power, generated during this period, is substantially increased. Trackers can increase efficiency by 30% or more [1] . Trackers are effective in regions that receive a large portion of sunlight directly. Since most concentrated photovoltaic systems are very sensitive to the angle of the sunlight, the use of PV tracking systems allow to produce maximum power for an extended period of time each day. A control unit detects the brightest point in the sky and adjusts the PV module surface's position to face it.
This technology also works in cloudy, rainy or foggy conditions. If a day starts with clouds moving in from the west, the PV module surface will move slightly towards the east, searching for the brightest spot on the sky. On a completely overcast day, the module surface is adjusted to face the point of the strongest light radiation.
Changes in the ambient temperature may cause variation of some of the control system's parameters. In general, the gain of the tracking system is sensitive to temperature variation and this may initiate system vibrations due to oscillations in the system response. All other system parameters are considered constant.
Control systems must yield performance that is robust or insensitive to parameter variations. In the process of design of a robust control system, it is important to determine the regions of stability, corresponding to the variation of a specific system parameter. The system will be analyzed with the method of the D-partitioning [2] , [3] , in order to explore the effects of the gain variations on system's stability. The method employs the possibility to define regions of stability in the space of the system's parameters.
One of the contributions of this research is to simplify and graphically determine the regions of stability for variation of a specific system parameter. Further to this analysis, the paper contributes in suggesting a strategy of design of a robust control system by introducing a two-step robust controller that enforces a desired system performance.
II. STRUCTURE OF A LIGHT TRACKING SYSTEM
As seen from Fig. 1 , if a solar panel is perpendicular to the sun, the sunlight it receives is more efficient compared with the case when it is at some angle towards the sun. Tracking PV systems, as shown in Fig. 2 , fall into two basic categories. They are either a single-axis, moving from east to west, or a double-axis, moving in all four directions [4] . Tracking systems that have two axes follow the sun closely at all times and are currently the most popular. Systems that move the PV modules around a single rotating axis are simpler and can therefore be manufactured at a lower cost. The PV panels are also tilted up to proper degrees, necessary to maintain the best angle that is south or north toward the sun, depending on the Hemisphere. The tracking platforms can tilt the surface of the PV arrays along an axis with the help of a motor.
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The motor itself is connected to a control system that determines the angle of the sun. The power supply of a tracking system may be from the power grid, or alternatively it may be self-sustained. Trackers can be passive or active. Passive systems tend to be slow in moving from the sunrise to the sunset position. Active trackers use light sensors that will point the PV modules to the brightest point in the sky, not necessarily the sun, especially when it is cloudy [5] .
The objective of a light tracking system is to point the PV modules to the brightest point in the sky. The schematic diagram of the system is shown in Fig. 3 . The tracking sensor is an error discriminator, consisting of two photovoltaic cells mounted behind a rectangular slit in a cylinder enclosure. The cells are mounted in such a way that when the sensor is pointed at the brightest point in the sky, a beam of light from the slit overlaps both cells.
The sensor itself is mounted at 90° to the surface of the PV panels. The photovoltaic cells are used as current sources and are connected in opposite polarity to the input of an operational amplifier. Any difference in the currents of the two cells is sensed and amplified by the operational amplifier.
Since the current of each cell is proportional to the illumination on the cell, an error signal will be present at the output of the amplifier when the light from the slit is not precisely aligned on the cells. This error voltage when fed to the servo-amplifier will cause the motor to drive the system back into alignment.
The block diagram of the light tracking system with its components is shown in Fig.4 .
The input variable r represents the reference angle of the bright light beam, while o matches the sensor axis. The difference between these two angles represents the error . The objective of the light tracking system is to maintain the error  between r and o close to zero.
The parameters of the examined system are chosen as follows: 
III. DERIVING THE SYSTEM'S TRANSFER FUNCTION
The transfer function of the DC motor, with reference to the motor parameters, can be represented as:
Substituting the numerical values of the system parameters in (1) gives the transfer function of the complete open-loop system:
Considering a unity feedback control system, the closedloop transfer function is:
The characteristic equation of the closed-loop system is determined as:
Since the gain K is the variable parameter, an equation in terms of K can be obtained from the characteristic equation as follows:
Considering (5), (6) and (7), the D-partitioning curve of the variable parameter K is represented by (8) , substituting s = j and varying the frequency within the range      [6] , [7] .
The D-partitioning procedure and the obtained curve in terms of the variable parameter K are shown in (2) . Only D(0) is the region of stability, since it is the one, being always on the left-hand side of the D-partitioning curve for a frequency variation from  to  [7] , [8] . The system is stable within the gain range 0  K  250 corresponding to the segment AB, being within the stable region. At point B (250, j0) the gain is K = 250 and the system becomes marginal.
The results obtained with from the D-partitioning can be compared with the outcome from the Root-Locus analysis as shown in Fig. 6 . There is a close relationship between the results from the D-partitioning and the Root Locus analysis. The root loci confirms that the system becomes marginal when the gain reaches a value K = 250. The step response of the system is examined for robustness, considering a number of gain values within the gain range 0  K  250. The results are shown in Fig. 7 . It is seen that the step response of the feedback system varies considerably for different values of K while its steady-state error is ess = 0. Step response of the system with a variable gain IV. ACHIEVING ROBUSTNESS AND BEST PERFORMANCE A control system is robust when it maintains certain properties like stability and performance in spite of external disturbances, noise or parameter plant uncertainties.
The performance criterion is given by the "Integral of Time multiplied by the Absolute value of Error" (ITAE) [6] , [8] . The ITAE reaches a minimum value for a relative damping ratio  = 0.707.
One of the solutions to meet the ITAE is to implement a robust controller consisting of a series and a forward stage. The controller design employs a two-step zero-pole cancelation [9] , [10] that enforces a desired system damping, stability and time response.
The design strategy for constructing the series stage of the controller is to place its two zeros near the desired closedloop poles, that satisfy the condition  = 0.707.
The closed-loop transfer function is presented also as:
The optimal value of K corresponding to the damping ratio ζ=0,707 of the closed-loop system is determined by the following procedure: This condition corresponds to the desired closed-loop poles 21.9  j21.9, which are determined as follows:
>> GCLo=tf([198200],[1 250 10000 198000])
Transfer function: (11) To realize physically the controller GS (s), two controller poles, at s1,2 = 1250, j0, are added so that their effect on the system performance is negligible [6] , [11] . However, to simplify the analysis, the transfer function of the open-loop system after applying the series controller will still be determined from (3) and (11) As seen from (12) and (13), the zeros are in the close vicinity to the poles of the closed-loop transfer function and will cancel them. To avoid this problem, a forward controller GF (s) [6] , [10] is added to the closed-loop system, as shown in Fig. 9 . The poles of GF(s) should cancel the zeros of the closed-loop transfer function GCL(s). The transfer function of the forward controller is designed as: From the block diagram in Fig. 9 , the transfer function of the total compensated part is:
--------------------------------
The D-partitioning in terms of the variable parameter K can be again determined from the characteristic equation based on the total system GT (s):  to   [9] , [10] . The system will be stable for any values of K > 0, since any such value of the gain is located in D(0).
The compensated system is examined for robustness in the time-domain, substituting a number of values for the gain K = 20, 50, 100 in (15) It is seen from Fig. 11 that due to the effect of the applied robust controller, the compensated system becomes quite insensitive to variation of the gain K.
V. CONCLUSION
The original light tracking system may experience poor performance or become unstable due to gain uncertainty. The design strategy of the robust controller is based on the application of the ITAE criterion. A two-step zero-pole cancelation is introduced, enforcing a desired system damping, stability and time response. The light tracking system is analyzed before and after the application of the robust controller with the aid of the method of the Dpartitioning. The method proves to be very effective for graphical determination of the regions of stability in terms of system's uncertain parameter. The system robustness is examined after applying the robust controller and the obtained results demonstrate its insensitivity in terms of gain variations. After applying the robust controller, the step response of the robust light tracking system has no oscillations and is insensitive to system's parameter changes. This proves to be of high importance to the operation of the system, since due to clouds or other atmospheric effects the direction of the brightest light may rapidly change. With the robust controller, the system avoids stress and vibrations and is smoothly redirecting the PV panel to its new position. 
